









LIVIO FAVARO,*1,2 ELEONORA CRESTA,1
OLIVIER FRIARD,1 KATRIN LUDYNIA,3,4
NICOLAS MATHEVON,2 LORIEN PICHEGRU5
DAVID REBY2 & MARCO GAMBA1
1Department of Life Sciences and Systems Biology,
University of Turin, Turin, Italy
2Equipe de Neuro-Ethologie Sensorielle ENES/CRNL,
CNRS UMR5292, INSERM UMR_S 1028, University of
Saint-Etienne, Saint-Etienne, France
3Southern African Foundation for the Conservation of
Coastal Birds (SANCCOB), Cape Town, South Africa
4Department of Biological Sciences, University of Cape
Town, Cape Town, South Africa
5Institute for Coastal and Marine Research, Nelson
Mandela Metropolitan University, Port Elisabeth, South
Africa
African Penguins Spheniscus demersus are endangered
and declining seabirds which make extensive use of
vocal signals for intra-specific vocal communication.
Accordingly, passive acoustic monitoring tools could be
developed as robust population monitoring methods that
cause minimal disturbance to the birds. In this study, we
collected soundscape recordings at the Stony Point pen-
guin colony (Betty’s Bay, South Africa) during the
breeding season in 2019 to document the circadian
rhythms of vocal activity of this species and to investi-
gate whether the magnitude of variation of three differ-
ent ecoacoustic indices correlates with the number of
ecstatic and mutual display songs counted in recordings,
which might inform on the breeding activity of the col-
ony. Indeed, whereas ecstatic display songs are produced
by males during intersexual competition and territorial
defence, mutual display songs are given by parents
returning to the nest after foraging trips. We found that
the vast majority of the display songs (> 80%) occurred
between 04:00–08:00 and 17:30–21:30 h. We also
found that the Acoustic Entropy Index was a good pre-
dictor of the number of penguins’ songs within a record-
ing. Overall, our study shows that African Penguins
vocalizations have the potential to assist the monitoring
of this species while minimizing disturbance.
Keywords: bioacoustics, ecoacoustics, penguins,
seabirds, soundscape, Spheniscus.
Passive acoustic monitoring using autonomous recorders
offers a modern, powerful and non-invasive alternative
to traditional methods for studying wildlife presence,
activity and distribution (Gibb et al. 2019). Automated
analysis of environmental recordings has been shown to
be particularly useful in the case of remote and endan-
gered seabird colonies (Arneill et al. 2019) because it
minimizes the costs and the disturbance to the animals
(Buxton & Jones, 2012, Borker et al. 2014, Oppel et al.
2014), while increasing the scale and efficacy of the
detections (Borker et al. 2015).
Several ecoacoustic indices have been developed to
extract and analyse the biophonic component (i.e. ani-
mal vocalizations, mostly occurring within the frequency
range 0.1–8 kHz) from large datasets of soundscape
recordings (Sueur et al. 2014). Among these, the Acous-
tic Complexity Index (ACI; Pieretti et al. 2011), the
Acoustic Entropy Index (HI; Sueur et al. 2008) and the
Acoustic Richness Index (ARI; Depraetere et al. 2012)
have been shown to be particularly sensitive to environ-
mental recordings dominated by bird calls and thus have
become the method of choice in a variety of studies
investigating avian diversity and distribution over space
and time (Machado et al. 2017, Borker et al. 2020,
Brownlie et al. 2020). In particular, the ACI measures
the average absolute fractional change in signal ampli-
tude from one frame to the next through a recording.
This index characterizes the acoustic environments dom-
inated by bird songs. The HI relies on the calculation of
the total entropy of time waves, while the ARI relies on
the temporal entropy of the sound, also taking into
account the overall amplitude. Importantly, recent
experimental evidence suggests that the combined use
of multiple indices allows a far better understanding of
the differences among acoustic scenes, as the relative
magnitude of the variance of the different indices is far
more informative than absolute values (Bradfer-
Lawrence et al. 2019).
The African Penguin Spheniscus demersus is the only
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27 extant colonies breeding between Namibia and South
Africa (Borboroglu & Boersma 2013). The species has
been recently identified as one of the most critical in
need of conservation among penguins (Boersma et al.
2019), as the global population is nowadays estimated at
under 21 000 breeding pairs, down from over 1.5 mil-
lion pairs in the early 1900s (Crawford et al. 2011). In
this context, monitoring of population trends and activ-
ity is crucial to, inter alia, measure the success of man-
agement actions and keep track of the species
population dynamics overall. However, the African Pen-
guin Management Plan (DEA 2013) recommends that
strict minimal disturbance must be ensured to limit the
impacts of monitoring methods and researchers on this
threatened species.
African Penguins make extensive use of vocal signals
for intra-specific vocal communication (Favaro et al.
2016, McInnes et al. 2020). The vocal repertoire of
adult African Penguins is made up of two discrete call
types and two display songs (Favaro et al. 2014). Calls
are single-unit vocalizations used to mediate agonistic
interactions (agonistic calls) and or maintain acoustic
contact (contact calls) among group members at sea
(Jouventin 1982, Favaro et al. 2014). Display songs are
complex sequences of short vocal units called ‘syllables’,
given at land and characterizing the breeding season
(Favaro et al. 2014, 2015). Display songs can be further
divided into ecstatic display songs (vocalized mostly by
males to attract females and territorial defence) and
mutual display songs (vocalized by established pairs
within their nest, primarily for recognition when joining
after one of the members comes back from a foraging
trip at sea) (Jouventin 1982, Favaro et al. 2014). Ecstatic
and mutual display songs are acoustically distinct vocal-
izations (Favaro et al. 2014) and can be readily identified
by visual inspection of spectrograms (Fig. S1).
By analysing a dataset of environmental recordings
collected in a wild African Penguin colony using an
autonomous recording system, we aimed to provide the
first quantitative description of the diurnal variation in
vocal activity of this species during the breeding season.
Moreover, we aimed to investigate the extent to which
three ecoacoustic indices correlate with the observed
vocal activity of the penguins. We expected that the
temporal variation of the ecoacoustic indices derived
from the recordings should follow the temporal variation
in the number of songs spectrographically identified. We
also investigated whether the variation of the indices
could be a useful predictor of the number of ecstatic
display songs, which are an indicator of the number of
active breeding males or the number of mutual display
songs, and also peak as the birds return to the colony
after foraging trips. If its reliability were to be con-
firmed, the analysis of the soundscape of African Pen-
guin colonies through ecoacoustic indices could be used
to develop a non-invasive and cost-effective passive
acoustic monitoring tool to assist the monitoring of this
endangered species.
METHODS
Study site and acoustic recordings
The study site was the Stony Point penguin colony in
Betty’s Bay, South Africa (Appendix S1). Stony Point is
one of the five main African Penguin breeding colonies
in the Western Cape, along with Dassen Island, Robben
Island, Simon’s Town (Boulders Beach) and Dyer Island.
Nowadays, the colony supports more than 1700 breed-
ing pairs and is considered a site of national as well as
international significance for the conservation of this spe-
cies (Sherley et al. 2020).
We collected the acoustic recordings in 2019, over
55 days during the peak of the African Penguin breeding
season (early March to late May), with a Song Meter 4
(SM4; Wildlife Acoustics, Inc.) mounted 1 m high on a
fixed pole support in the centre of the penguin colony.
The SM4 was equipped with two built-in omnidirec-
tional microphones (flat frequency response 60–
8 kHz  2 dB; sensitivity –35  4 dB re: 0 dB = 1 V/
pa @ 1 kHz; pre-amplifier gain set to 26 dB). The gain
of the recorder was 16 dB as a default setting, which is
recommended to maintain the fidelity of weaker (far)
vocalizations while maximizing dynamic range to handle
louder (close) calls. The audio signal from each micro-
phone was digitalized at a sampling rate of 44.1 kHz
and saved into an internal Secure Digital memory card
as a .WAV file (16-bit amplitude resolution). The recor-
der was scheduled with a duty cycle of 15 min of
recording, followed by 15 min of sleep.
The total number of files recorded during the record-
ing period was 2424. However, since the area of the
Cape Peninsula is affected by strong wind gusts, we had
to exclude 803 recordings showing evident waveform
distortion (clipping), which would make unreliable both
the counting of the vocalizations and the calculation of
the ecoacoustic indices (Depraetere et al. 2012). Over-
all, the data sorting left us with a total of 1621 files, cor-
responding to 405 h of audio recordings.
Calculation of ecoacoustic indices and
counting of vocalizations
For each file, the Fast Fourier Transform spectrogram
was generated in PRAAT (v. 6.0.33) (Boersma 2001)
(Gaussian window shape, view range = 0–8 kHz, win-
dow length = 0.02 s, dynamic range = 50 dB) and
author E.C. counted the number of ecstatic display songs
(ntot = 24 041; mean per file  sd = 14.84  26.02) and
mutual display songs (ntot = 7053; 4.35  7.84). Subse-
quently, 5% of the audio files were randomly chosen to
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be inspected by a second blind observer with previous
expertise in African Penguin vocalizations. The interob-
server reliability for the number of display songs counted
in each file was extremely high (Cohen’s j coeffi-
cient > 0.95 for both vocal types).
The audio files were then transferred to the OCCAM
SuperComputer (Aldinucci et al. 2017) at the Compe-
tence Centre for Scientific Computing of the University
of Turin for the calculation of the Acoustic Entropy,
Acoustic Complexity and Acoustic Richness indices using
the ‘soundecology’ (Villanueva-Rivera & Pijanowski
2018) and ‘seewave’ (Sueur et al. 2008) packages in R (R
Core Team 2017). For the ACI, we set frequency limits
of 0.2–8 kHz, corresponding to the frequency range in
which display song components were detectable. All
other parameters were left as default values.
Statistical analyses
To investigate whether the number of penguin vocal dis-
plays has an effect on the ecoacoustic indices, we built a
series of generalized linear mixed effect models
(GLMMs) using the ‘lmer’ package (Bates at al. 2014) in
R v. 4.0.0 (R Core Team 2017). In turn, we included
the values of the indices as the response variable and the
number of ecstatic display songs (hereafter EDS) and
mutual display songs (hereafter MDS) as fixed factors.
We included the day and the hour of the day as random
effects to control for repeated measurements. We used
the timestamps to group recordings in 30-min bins (e.g.
all recordings between 00:00 and 00:30 h were grouped
in time bin 1, recordings between 00:31 and 01:00 h in
time bin 2). Before running the models, we confirmed
the absence of collinearity among predictors by examin-
ing the variance inflation factors (vif package, Fox &
Weisberg 2011). We also looked at the distribution of
the residuals plotted against the fitted values and a qq-
plot to check the assumptions that the model residuals
were normally distributed and homogeneous. Finally,
using a likelihood ratio test (Dobson 2002), we tested
the significance of a ‘full model’ comprising both the
fixed and the random factors, against a ‘null model’
comprising the random factor exclusively (Estienne et al.
2017, Gamba et al. 2017) (Table 1). We calculated the
a-value for the predictor using the R-function ‘drop1’
(Barr et al. 2013).
RESULTS
Figure 1 shows an overview of the soundscape of the
Stony Point penguin colony at different time scales. We
found that the vocal activity of the penguin colony dur-
ing the breeding season is mostly concentrated in two
temporal windows (Fig. 2, see also Table S1). More
specifically, we recorded 49% of the EDS and 35% of
the MDS between 04:00 and 08:00 h, and 39% of the
EDS and 47% of the MDS between 17:30 and 21:30 h.
We also found that EDS are the vocalizations more fre-
quently observed within the recordings, with a ratio
between MDS and EDS of 1 : 3.4.
The GLMMs showed a statistically significant effect of
the number of penguin songs within a recording on the
magnitude of variance of the Acoustic Entropy Index (H,
full vs. null: v2 = 180.94, df = 2, P < 0.001) and the
Acoustic Complexity Index (ACI, full vs. null:
v2 = 213.54, df = 2, P < 0.001), but not the Acoustic
Richness Index (ARI, full vs. null: v2 = 5.10, df = 2,
P = 0.078). However, when looking more specifically at
the effect of each single predictor on the response vari-
able, we found a positive relationship between the H
index variation and the number of EDS (esti-
mate = 0.001, se < 0.001, t = 9.82, P < 0.001) and MDS
(estimate = 0.001, se < 0.001, t = 3.85, P < 0.001), but
a negative relationship between the ACI and the number
of EDS (estimate = –0.001, se < 0.001, t = – 9.821,
P < 0.001) and MDS (estimate = –0.002, se < 0.001,
t = –4.526, P < 0.001). To investigate this result further,
we plotted the average variation of the HI, ACI and ADI
over 24 h along with the average number of EDS and
MDS recorded (Fig. 2). The visual representation reveals
how the number of penguin songs strongly correlates with
the daily fluctuation of the HI. Conversely, the highest
values of the ACI occur between 09:00 and 16:00 h,
when the penguin colony is mostly vocally inactive.
Table 1. Summary of the full vs. null generalized linear mixed effect models.
Ecoacoustic index Model type GLMM
Acoustic Entropy (H) full H ~ EDS + MDS + (1|timebins) + (1|day), family = gaussian
null H ~ (1|timebins) + (1|day), family = gaussian
Acoustic Complexity (ACI) full ACI ~ EDS + MDS + (1|timebins) + (1|day), family = gaussian
null ACI ~ (1|timebins) + (1|day), family = gaussian
Acoustic Richness (AR) full AR ~ EDS + MDS + (1|timebins) + (1|day), family = gaussian
null AR ~ (1|timebins) + (1|day), family = gaussian
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DISCUSSION
We report the first application of passive acoustic moni-
toring techniques to an extant wild African Penguin col-
ony, based on the analysis of environmental recordings
collected using an autonomous recording unit. We found
that, during the breeding season, within a day African
Penguins are mostly vocally active between 4:00–8:00
and 17:30–21:30 h. This is the first description of the
pattern in frequency of vocalizations given by this spe-
cies at a breeding site. We also observed that most of
the ecstatic display songs are given in the first window,
while mutual displays are more abundant in the second
one. We explain these circadian differences in penguin
vocal behaviour as a result of the turnover of their
breeding and foraging activities. African Penguins are
diurnal foragers (Wilson 1985) and return to their col-
ony at the end of the day until late at night (Wilson
et al. 1988, Wilson & Wilson 1990), hence their mutual
songs when re-joining the partner on the nest. Male-
calling in the morning before departure could be related
to a territorial display (Williams 1995).
Figure 1. Daily packed spectrogram (a) of the Stony Point penguin colony (Betty’s Bay, South Africa) on 23 April 2019. Recordings
were collected with a duty cycle of 15 min (48 frames/day), x-axis 24 h, y-axis 22.05 kHz. Spectrogram (b) shows one single record-
ing of 15 min that occurred between 07:30 and 07:45 h. Spectrogram (c) shows a focus on 12 s of sound where it is possible to
observe an ecstatic display song emitted by an adult male African Penguin. Capital letters indicate the three syllable types constitut-
ing the song (for more details on the syllabic structure, see Favaro et al. 2014).
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Our findings show that the African Penguin peak in
vocal activity in the day does not match those of other
territorial and burrowing seabirds. For example, the
acoustic activity of petrels (order Procellariiformes) is
relatively constant overnight, with peaks of vocalizations
dependent on the lunar phases and associated risk of
predation rather than sunset–sunrise or specific hours of
the day (Mougeot & Bretagnoelle 2000). Audubon’s
Shearwaters Puffinus lherminieri exhibit a single daily
peak of vocal activity, occurring 50–120 min after sunset
and corresponding to the return of breeders from their
foraging trips to their burrows (Bretagnolle et al. 2000).
These findings have strategic implications for future
applications of passive acoustic monitoring to the Afri-
can Penguin, as they allow sampling (recording) to be
concentrated on these specific hours to optimize the
energy consumption and data storage on recording
devices.
We then assessed the validity of several ecoacoustic
indices against visual inspection of spectrograms. Con-
firming our expectations, we found that the magnitude
of variation of the HI is influenced by the number of
display songs occurring within a recording. This index
relies on the combined calculation of both the temporal
entropy and the spectral entropy of the sound (Sueur
et al. 2008), and does not take into account the overall
amplitude of the signal (Depraetere et al. 2012). From a
practical standpoint, the values of the HI can vary
between 0 and 1, with low values indicating an acoustic
scene characterized by pure tones (or noise) and high
values a scene dominated by harmonics, where the
acoustic energy is apportioned across frequency bands
(Sueur et al. 2014). Accordingly, we suggest that the
acoustic structure of the African Penguin display songs
(Favaro et al. 2014, 2015, 2020), with many harmonic
frequencies covering a broad portion of the spectrum
(0.2–8 kHz; Favaro et al. 2014), explains the effect of
the number of vocalizations we observed within record-
ings and the increase of the HI values. Most importantly,
our results demonstrate for the first time that the acous-
tic entropy can be used as a reliable indicator of the
number of ecstatic display songs produced within a col-
ony, which might reflect the number of reproductive
males (Jouventin 1982, Favaro et al. 2014). We further
suggest that acoustic entropy is suitable for estimating
the relative number of mutual display songs and thus
quantifying the foraging efficiency of pairs (Jouventin
1982), which determines their chick-rearing efficiency.
Earlier return of the birds to the colony, detected via
the timing of the peak in mutual display songs, could be
used as an indicator for shorter foraging trip duration,
which can be an important indicator for better food
availability (Petersen et al. 2006, Pichegru et al. 2010).
We recognize that one limitation of our study lies in
the fact that every single male or couple may have
uttered more than one display song in a temporal win-
dow corresponding to the duration of an acoustic
recording (i.e. 10 min). Nevertheless, as penguin display
songs encode acoustic cues to the individual identity of
the emitter (Aubin & Jouventin 2002, Jouventin &
Aubin 2002, Jouventin & Dobson 2017), further
research effort should be direct toward estimating the
relative abundance of the vocalizing individuals within a
colony using individual spectral signatures.
Contrary to our expectations, we observed an inverse
relationship between the daily variation of the ACI and
the vocal activity of the penguins. According to Pieretti
et al. (2011), the ACI is sensitive to rapid variations of
intensity in each single frequency bin, a condition that is
emphasized by the high-pitched bird songs. Therefore,
we explain the higher values recorded for the ACI
between 09:00 and 16:00 h as the result of the vocal
activity of the variety of other birds observed in the sur-
roundings of the colony. These include, but are not lim-
ited to, Egyptian Goose Alopochen aegyptiaca, Hadeda
Ibis Bostrychia hagedash, Helmeted Guineafowl Numida
meleagris, African Black Oystercatcher Haematopus
moquini, Laughing Dove Spilopelia senegalensis, gulls
(Larus spp.) and other birds (CapeNature pers. comm;
Southern African Bird Atlas http://sabap2.birdmap.africa
). In contrast, Spheniscus penguin display songs are low-
pitched (Favaro et al. 2014, 2017) and characterized by
a constant intensity, which results in a negligible varia-
tion of the ACI values. For these reasons, our results
indicate that the ACI cannot be considered a reliable
indicator of the vocal activity of wild African Penguins,
at least where colonies are associated with a significant
presence of other bird species.
Finally, we did not find a statistically significant effect
of the acoustic activity of the penguins on the ARI. The
ARI is based on the temporal entropy and the median
amplitude envelope of the signal (Depraetere et al.
2012). As observed for the ACI, we suggest that the flat
amplitude modulations over time of penguin songs only
minimally affect the amplitude envelope of the record-
ings, and thus have little influence on the ARI.
To date, population monitoring of this species (num-
bers of breeding or moulting individuals) is still con-
ducted by traditional counts, involving several persons
walking carefully around a colony and individually
Figure 2. Ecstatic display songs (EDS) and mutual display songs (MDS) (mean per hour  sd) detected over the 24-h cycle at the
Stony Point penguin colony along with the average variation of the Acoustic Entropy Index (HI), Acoustic Complexity Index (ACI) and
Acoustic Richness Index (ARI). [Colour figure can be viewed at wileyonlinelibrary.com]
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counting all nests, potential nests and moulting birds
(e.g. Kemper 2009, Pichegru & Oosthuizen 2018). Pas-
sive acoustic monitoring could, therefore, further reduce
the disturbance induced. Developing automated acoustic
survey approaches for the African Penguin could also
allow estimating presence, population sizes and mating/
breeding activity of the colonies, while still minimizing
any disturbance of the individuals. This is in line with
the current development of passive monitoring for this
species (e.g. McInnes 2016, McInnes et al. 2019). In
particular, acoustic surveys could complement the cur-
rently trialled automated system comprising PIT (Passive
Integrated Transponders) readers and weighbridges to
assess foraging trip length and foraging success, espe-
cially in remote areas which cannot be visited regularly.
Such important information might then be instrumental
in assisting with decision-making and conservation poli-
cies for this species, which is nowadays considered in
most critical need of conservation among penguins
(Boersma et al. 2019). We hope that our study will
stimulate further research in this direction.
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Figure S1. Spectrograms of ecstatic display song and
mutual display song uttered by adult African Penguins.
Appendix S1. Stony Point Nature Reserve (Betty’s
Bay, South Africa).
Table S1. Descriptive statistics for the number of
ecstatic display songs and mutual display songs detected
in each time bin.
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